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output of a magnetoresistive (MR) sensor which greatly 
reduces both temperature effects and magnetic contributions 
from the insensitive-axis cross-terms. Specifically, the nor 
malization techniques disclosed may be effectuated by direct 
measurement with no prior knowledge of the sensor con 
stants being required and may be performed for a single 
sensor with multiple sensors not being required in order to 
estimate the cross-axis fields for each of the other sensors. 
The technique can additionally provide an output propor 
tional to the insensitive-axis field as well as that of the 
sensitive-axis and, when combined with knowledge of ambi 
ent field strengths, can be used to determine fundamental 
MR sensor constants which then allows for correction of 
higher-order sensor non-linearities. The techniques dis 
closed are particularly conducive to low power Supply 
availability applications such as battery operation. 
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ONE-CHIP COMPASSIMPLEMENTED 
USING MAGNETORESISTIVE (MR) SENSOR 
TEMPERATURE COMPENSATION AND 
MAGNETIC CROSS-TERMI REDUCTION 

TECHNIQUES 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

This application is a continuation-in-part of application 
Ser. No. 10/751,806, filed Jan. 5, 2004, which is incorpo 
rated herein in its entirety by reference. 

COPYRIGHT NOTICEAPERMISSION 

A portion of the disclosure of this patent document 
contains material which is subject to copyright protection. 
The copyright owner has no objection to the facsimile 
reproduction by anyone of the patent document of the patent 
disclosure as it appears in the United States Patent and 
Trademark Office patent file or records, but otherwise, 
reserves all copyright rights. The following notice applies to 
the software and data and described below, inclusive of the 
drawing figures where applicable: CopyrightC) 2003 Laser 
Technology, Inc. 

BACKGROUND OF THE INVENTION 

The present invention relates, in general, to the field of 
magnetoresistive (MR) sensors and the utilization of the 
same as magnetometers and magnetic compasses. More 
particularly, the present invention relates to effective, sim 
plified and highly accurate techniques for MR sensor tem 
perature compensation and magnetic cross-term reduction in 
conjunction with conventional magnetoresistive sensor 
designs. 

There are a number of conventional magnetic sensor 
designs and techniques for utilizing them in compassing, 
navigational systems and other applications currently avail 
able. In this regard, representative references include: 
Caruso et al., “A New Perspective on Magnetic Field Sens 
ing' published by Honeywell, Inc. May, 1998 (hereinafter 
“New Perspectives”); a Honeywell Sensor Products 
Datasheet for the HMC1001/1002 and HMC1021 (1022 1 
and 2-Axis Magnetic Sensors published April, 2000 (here 
inafter “Honeywell Datasheet”); a Honeywell Application 
Note AN-205 entitled “Magnetic Sensor Cross-Axis Effect” 
by Pant, Bharat B. (hereinafter “AN-205”); and a Philips 
Semiconductors publication entitled: “Magnetoresistive 
Sensors for Magnetic Field Measurement', published Sep. 
6, 2000 (hereinafter “Philips Publication”). The disclosures 
of these references are herein specifically incorporated by 
this reference in their entirety. 

Specifically, the New Perspectives document provides an 
overview of magnetoresistive and other magnetic sensing 
technologies while the Honeywell Datasheet provides a 
detailed description of the particular MR sensors as may be 
utilized in a representative embodiment of the present inven 
tion disclosed herein. The AN-205 application note 
describes conventional techniques for the elimination of 
magnetic cross-terms in magnetoresistive sensors while the 
Philips Publication provides a detailed description of MR 
sensor functionality including relevant mathematics. 
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2 
SUMMARY OF THE INVENTION 

Disclosed herein is a measurement technique used to 
normalize the sensitive-axis output of a MR sensor which 
greatly reduces both temperature effects and magnetic con 
tributions from the insensitive-axis cross-terms. Among 
other significant advantages of the normalization technique 
disclosed are: a) it may be effectuated by direct measurement 
with no prior knowledge of the sensor constants being 
required; b) the technique may be performed for a single 
sensor and multiple sensors are not needed in order to 
estimate the cross-axis fields for each of the other sensors; 
c) the technique can additionally provide an output propor 
tional to the insensitive-axis field as well as that of the 
sensitive-axis; d) when combined with knowledge of ambi 
ent field strengths, the technique can be used to determine 
fundamental MR sensor constants which then allows for 
correction of higher-order sensor non-linearities; and e) the 
technique is conducive to low power Supply availability 
applications such as battery operation. 

Particularly disclosed herein is a method for normalizing 
an output of the sensitive axis of a magnetic sensor having 
SET/RESET/OFFSET field generating elements. The output 
is Substantially determined by a method comprising: Sam 
pling a number of SET outputs of the sensor to produce a 
first sum; sampling a number of RESET outputs of the 
sensor to produce a second Sum; sampling a number of SET 
gains of the sensor to produce a third Sum; sampling a 
number of RESET gains of the sensor to produce a fourth 
Sum; Subtracting the second sum from the first Sum to 
produce a first result; subtracting the fourth sum from the 
third sum to produce a second result; and dividing the first 
result by the second result. 

Further disclosed herein is a method for determining the 
cross-axis output of the insensitive axis of a magnetic sensor 
having SET/RESET/OFFSET field generating elements. 
The cross-axis output is, Substantially determined by: Sam 
pling a number of SET gains of the sensor to produce a first 
Sum; sampling a number of RESET gains of the sensor to 
produce a second Sum; adding the first Sum to the second 
Sum to, produce a first result; Subtracting the second Sum 
from the first Sum to produce a second result; and dividing 
the first result by the second result. 

Also disclosed herein is a method for normalizing an 
output of the sensitive axis of a magnetic sensor having 
SET/RESET and OFFSET field generating elements. The 
output is Substantially determined by a method comprising: 
furnishing a pulse having a first direction to the SET/RESET 
field generating element to establish a SET magnetic state; 
sampling an output of the magnetic sensor to establish a SET 
magnetic output; providing a pulse having the first direction 
to the OFFSET field generating element; sampling the 
output of the magnetic sensor to establish a first sample: 
providing another pulse having a second direction opposite 
to the first direction to the OFFSET field generating element; 
further sampling the output of the magnetic sensor to 
establish a second sample; and subtracting the second 
sample from the first sample to establish a SET gain. 

Also further disclosed herein is a circuit comprising: a 
magnetic sensor having first and second terminals thereof. 
SET/RESET field generating elements disposed at a first 
location with respect to the magnetic sensor: OFFSET field 
generating elements disposed at a second location with 
respect to the magnetic sensor so as to generate a field 
orthogonal to that generated by the SET/RESET field gen 
erating elements; an amplifier coupled to the first and second 
terminals of the magnetic sensor and having an output 
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thereof; an A/D converter coupled to the output of the 
amplifier for producing a control signal; a SET/RESET 
pulse generator coupled to the SET/RESET field generating 
elements; an OFFSET generator coupled to the OFFSET 
field generating elements; and a control block adapted to 
receive the control signal from the A/D converter and 
providing control output signals to the SET/RESET pulse 
generator and the OFFSET generator. 

According to another aspect of the invention a method is 
provided for operating one MR chip as a compass, which 
typically requires two orthogonally mounted chips to imple 
ment. A single chip magnetic sensor includes SET/RESET 
field generating elements, and the method includes collect 
ing measurements to create a sensitive-axis output as would 
be required for each of the individual chips in a 2-chip 
system. A nearly orthogonal cross-axis output, however, is 
also additionally synthesized using similar measurements as 
used to create the sensitive-axis, and then compassing com 
putations proceed using this new cross-axis output in place 
of the sensitive-axis output normally provided by the second 
orthogonal chip. The cross-axis output is determined by 
sampling SET gains of the sensor to product a first Sum and 
sampling RESET gains of the sensor to produce a second 
Sum. The first and second sums are added to product a first 
result, and then, the second sum is subtracted from the first 
Sum to produce a second result. The cross-axis output is then 
determined by dividing the first result by the second result. 
Further, the method may include normalizing the sensitive 
axis outputs, such as with the processes described above for 
a 2-chip device. 

According to yet another aspect of the invention a circuit 
is provided for use as a 1-chip compass. The circuit includes 
an MR sensor having first and second terminals and a 
sensitive and a cross-axis. SET/RESET field generating 
elements are disposed at a first location relative to the MR 
sensor. OFFSET field generating elements are disposed at a 
second location in the circuit so as to generate a field 
substantially orthogonal to that generated by the SET/ 
RESET field generating elements. An amplifier is couple to 
the first and second terminals, and A/D converter is coupled 
to the output of the amplifier. A SET/RESET pulse generator 
is coupled in the circuit to the SET/RESET field generating 
elements, and an OFFSET generator is coupled to the 
OFFSET field generating elements. 
A control block is provided in the circuit that receives the 

control signal from the A/D converter and provides control 
output signals to the SET/RESET pulse generator and the 
OFFSET generator. Significantly, the control block is further 
adapted to perform compassing processes based on MR 
sensor outputs for the sensitive axis and outputs determined 
for the cross-axis. The cross-axis output may be determined 
as discussed above and also, the sensitive axis outputs may 
be normalized as discussed above to compensate for tem 
perature effects in the 1-chip compass circuit. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The aforementioned and other features and objects of the 
present invention and the manner of attaining them will 
become more apparent and the invention itself will be best 
understood by reference to the following description of a 
preferred embodiment taken in conjunction with the accom 
panying drawings, wherein: 

FIG. 1 is a simplified representation of an MR bridge 
utilizing SET/RESET and OFFSET coils (or straps) to 
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4 
effectuate the magnetoresistive sensor temperature compen 
sation and magnetic cross-term reduction techniques of the 
present invention; 

FIG. 2 illustrates one realization of a SET/RESET mea 
surement cycle as utilized to normalize the output of an MR 
sensor in accordance with the technique of the present 
invention; 

FIG. 3 illustrates a SET/RESET measurement cycle in 
accordance with the present invention as may be utilized, for 
example, in a specific implementation of a MapstarTM II 
compass available from Laser Technology, Inc., assignee of 
the present invention; 

FIG. 4 is an expanded view of the SET portion of the 
measurement cycle illustrated in the preceding figure; 

FIG. 5 illustrates one of the ten gain/pitch/roll acquisition 
sequences made in the SET magnetic State and indicates that 
the first sample of the X, Y or Z channel gain measurement 
is positive with respect to baseline while the second is 
negative; 

FIG. 6 illustrates one of the ten gain/pitch/roll acquisition 
sequences made in the RESET magnetic state and indicates 
that the first sample of the X, Y or Z channel gain measure 
ment is instead negative with respect to baseline while the 
second is positive; 

FIG. 7 illustrates the expected cross-term reduction, due 
to implementation of the techniques of the present invention, 
for a representative sensor with the plot being semi-loga 
rithmic and with the independent axis being the normalized 
sensitive-axis field (H/Ho); 

FIG. 8 shows a three-dimensional plot illustrating the 
percentage of full-scale error, as compared to the normalized 
true sensitive-axis field for a SET-RESET magnetic output 
calibrated to a full-scale field of 0.25 Ho and wherein the 
plot range also covers this full-scale field value for both the 
sensitive and cross-axes; 

FIG. 9 shows a three-dimensional plot illustrating the 
percentage error for scaled sensitive-axis output created 
using the techniques of the present invention and wherein 
the plot range and error Scaling is as in the preceding figure; 

FIG. 10 show a three-dimensional plot illustrating the 
percentage of full-scale error, as compared to the normalized 
true sensitive-axis field, for the scaled and linearized 
sensitive-axis output created using the techniques of the 
present invention and wherein the plot range is as in the 
preceding two figures; 

FIGS. 11A and 11B are plots of the X and Y-channel 
signed cross-axis outputs with respect to the sensitive-axis 
outputs of their sister channels and wherein the negative 
slope of FIG. 11A indicates the X cross-axis points in the 
-Y direction and the positive slope of FIG. 11B indicates 
that the Y cross-axis points in the +X direction; and 

FIGS. 12A and 12B show the effects that sensitive and 
cross-axis fields have on the SET-RESET gain difference 
wherein FIG. 12A illustrates that the normalized SET 
RESET gain increases with the applied 

cross-axis field and FIG. 12B illustrates that the normal 
ized SET-RESET gain difference decreases with the sensi 
tive-axis field; 

FIG. 13A shows the sensitive axes of two orthogonal MR 
chips plotted together, which generates an ellipse typically 
seen for a 2-chip compass; 

FIGS. 13B and 13C are plots for the individual X and Y 
chips within the 2-chip device showing the sensitive-axis 
versus synthesized cross-axis output for each chip. These 
figures illustrate that a 1-chip compass provides an elliptical 
output similar to that produced by a 2-chip device; 
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FIGS. 14A-14C illustrate calibration plots for 2-chip, 
X-chip, and Y-chip compasses of the present invention 
plotting degree error versus reference angles. 

DESCRIPTION OF A REPRESENTATIVE 
EMBODIMENT 

With reference now to FIG. 1, a schematic representation 
of a barber-pole' type magnetoresistive (MR) bridge 10 is 
shown, along with the coils (or straps) 16A, 16B, 18A and 
18B used to generate both the SET/RESET and OFFSET 
fields in order to effectuate the magnetoresistive sensor 12 
temperature compensation and magnetic cross-term reduc 
tion techniques of the present invention. 

The sensor 12, in general, comprises a substantially 
elongate permalloy body portion 14 which includes a num 
ber of shorting bars between which are induced a bias 
current in the direction indicated by the arrows. The sensor 
12, in conjunction with the opposing SET/RESET coils (or 
straps) 16A and 16B and OFFSET coils (or straps) 18A and 
18B defines an easy axis 20 extending between the coils 16A 
and 16B and a sensitive axis 22 extending between the coils 
18A and 18B. The MR bridge 10 may be, in a representative 
embodiment, coupled between a Voltage V, and circuit 
ground as shown. 

In accordance with the present invention, the MR bridge 
10 further includes a SET/RESET current pulse generator 24 
for applying a current Is on line 26 to the series coupled 
SET/RESET coils 16A and 16B as will be more fully 
described hereinafter. Similarly, an OFFSET current gen 
erator 28 Supplies a current Is on line 30 to the series 
coupled OFFSET coils 18A and 18B as will also be more 
fully described hereinafter. The function of the SET/RESET 
current pulse generator 24 and OFFSET current generator 28 
is in accordance with direction received from a micropro 
cessor control block 32. Positive and negative output from 
the sensor 12 is supplied to a bridge amplifier 34 which 
produces a voltage output V, for input to an analog-to 
digital (A/D) converter 36 which is, in turn, coupled to the 
microprocessor control block 32. 

Although illustrated as such for sake of simplicity, in 
practice, actual coils are seldom used. Instead conductive 
straps are integrated directly onto the MR chip to serve as 
the field generators and the coils are utilized in this figure to 
illustrate field directions, via the right-hand rule, generated 
by specific currents. The circuit shown is only a represen 
tative topology implemented in the form of a constant 
Voltage bridge and it should be noted that a constant-current 
bridge configuration may also be implemented (or a design 
utilizing a combination of Voltage and current methods) 
which may also be used to effectuate the sensor temperature 
compensation and magnetic cross-term reduction technique 
of the present invention. 

With particular reference to AN-205, an experimentally 
verified representation for a “barber-pole' MR bridge sensor 
output, valid for either a constant-voltage or constant-cur 
rent bridge, is given by equation (1) on page 1: 

Vo (a H), (HS+Hoa), 

where Vos, the (null) offset, has been removed; 
H is the sensitive-axis field; 
Hca is the cross-axis field; 
'a' is a function of the anisotropic magnetoresistance 

constant, Ap?o, and bulk resistivity p, and 
Hs=Hk+Hd is a sensor constant (denominated as Hoby 

the Philips Publication), equal to the sum of the anisotropy 
and demagnetizing fields. 
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6 
Typically, Ap/p and p are the dominant Sources of 

temperature variation, while Ho varies weakly with tem 
perature due to the small temperature dependency of Hk. 
Hence it is mathematically useful to generalize the AN-205 
expression for V into the following form: 

V=CO+Cl/TIFHEH, HCa, Ho), where 

CO is derived from a now restored Vos; ClT is a 
function of temperature dependent on circuit topology com 
bined with (Ap/p) ITI and pTI: Ho is now considered 
independent of temperature unless otherwise noted or 
inferred; and FHH.Hca, Ho represents some approxima 
tion for the actual magnetic form-factor of a barber-pole 
magnetoresistor, which cannot be written in closed form, but 
can be solved numerically. 
The magnetic form-factor specifically associated with the 

AN-205 application note “Vout approximation is well suited 
to illustrating the techniques of the present invention, as it is 
simple enough to allow meaningful symbolic expressions to 
be derived: 

FHLH, Hea, Hols(H/(Hca +Ho)) AN-205 Form-Fac 
tor 

Note also the form-factors for the SET and RESET 
magnetic states are generally derived by changing the sign 
changes of Ho (+Ho for SET state, and -Ho for RESET 
state): 

FHH, Hca,+Ho for the SET magnetic state 

FHH, Hca,-Ho for the RESET magnetic state 

As shown, a current pulse Is, injected into the SETI 
RESET coils 16A, 16B on line 26 will generate a domain 
aligning field parallel with the easy-axis 20 vector, placing 
the MR bridge 10 in the SET magnetic state. Conversely, a 
current pulse in the opposite direction generates a field 
anti-parallel to the easy-axis 20, toggling the bridge 10 to the 
RESET magnetic state. When in the SET state, the MR 
bridge 10 produces a positive voltage with respect to the 
Zero-field bridge OFFSET Voltage, Vs, for fields parallel 
to the sensitive-axis 22. When toggled to the RESET state, 
V will go negative with respect to Vs by approxi 
mately the same amount. 
The OFFSET coils 18A, 18B are used to perturb the 

ambient sensitive-axis 22 field in order to make differential 
gain measurements about that field point. A Small current 
Is injected into the OFFSET coils 18A and 18B on line 
30 will augment the sensitive axis 22 field, and a current 
pulse in the opposite direction will retard the sensitive axis 
22 field. 

These differential gain measurements, when mathemati 
cally combined with the ambient field measurements, allow 
for the creation of a normalized sensitive-axis 22 output in 
which both temperature and magnetic contributions from the 
insensitive-axis (aligned with the easy-axis 20) are greatly 
reduced. 

With reference additionally now to FIG. 2, one realization 
of a SET/RESET measurement cycle is shown as may be 
used to normalize the output of a MR sensor 10 (FIG. 1) in 
accordance with the technique of the present invention. Key 
timing events are labeled with lowercase letters “a through 
“h” inclusive and substantially correspond to the similarly 
labeled paragraphs describing the activity described in 
greater detail hereinafter. It should be noted that different 
sampling schemes, including those having: a) different sam 
pling orders and Its values to determine differential 
gains; and/or b) different numbers of gain versus output 
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samples per measurement block are also feasible and that the 
illustration shown is intended to be representative only. 

It should be also noted that the V waveform depicted 
in FIG. 2 is consistent with an ambient field aligned parallel 
with the sensitive-axis field vector 22 of sensor 10, as shown 
in the preceding figure. Particularly illustrated for N=1, as 
shown in FIG. 2, is that: 
The SET/RESET pulse generator 24 delivers a positive 

going current pulse to the SET/RESET strap (or coils 16A, 
16B), which places the MR bridge 10 in the SET magnetic 
State. 

After delaying for amplifier 34 settling time (which 
proceeds all A/D readings made after a change in magnetic 
state), the A/D converter 36 samples V, while the OFF 
SET strap (or coils 18A, 18B) current Is equals Zero. This 
reading is defined as the SET magnetic output: 

The OFFSET current generator 28 is turned on, augment 
ing the sensitive-axis 22 magnetic field by +dH. After a 
sufficient delay, the first of two A/D samples needed to find 
the SET gain is taken: 

The OFFSET strap current Is is reversed (current 
Zeroing before reversal is not required), this time retarding 
the sensitive axis 22 field by dH. The second A/D sample 
is then taken: 

The second sample is subtracted from the first to deter 
mine the SET gain: 

Vgain set=Vgp set-Vgn set=CTGsetH, HCa, Ho, 
dH), where function 

is only dependent on magnetic parameters. Note that the 
subtraction also cancelled the 'CO' term. 

The RESET measurement cycle (also illustrated in this 
figure) is similar to the SET cycle in that: 
The SET/RESET strap 16 is now pulsed with a negative 

going current ISET, toggling the MR bridge 10 to the 
magnetic RESET condition. 

Again with zero OFFSET strap current, the RESET 
magnetic output is sampled by the A/D converter 36: 

The OFFSET strap 18 is again energized to augment the 
sensitive axis field by +dH, and the first of two A/D 
samples needed to find the RESET gain is made: 

h) The OFFSET strap current Is is reversed, and the 
second A/D sample is taken: 

The second sample is subtracted from the first to deter 
mine the RESET gain: 

Vgain set=Vgp set-Vgn set=CITIGrsetH, HCa, 
Ho, dH), where function 

is again only dependent on magnetic parameters. 
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8 
After a SET and RESET measurement cycle pair has 

completed, the normalized (but unscaled) output for the 
sensitive axis 22 is defined by the following formula: 

Vmag diff 
Sensitive Axis Output = Usen = Vgain diff 

Vmag set-Vmag rst 
Vgain set-Vgain rst 

The normalized (also unscaled) output for insensitive or 
cross-axis 20 is defined here as well: 

Vgain sum 
Cross-Axis Output = UcrS = Vgain diff 

Vgain set--Vgain rst 
Vgain set-Vgain rst 

The denominator of both the sensitive-axis and cross-axis 
output terms is the difference between the SET and RESET 
gains: 

Vgain diff=Vgain set-Vgain set=CITGdiff H, 
Hca, Ho, dH), where function 

Gdiff H.Hca, Ho, dH=G.setFIHCa, Ho, dH-GrsetH, 
Hca, Ho, dH 

is only dependent on magnetic parameters. 
The numerator of the cross-axis output term is the Sum of 

the SET and RESET gains: 
Vgain sum=Vgain set--Vgain set=CTGsumH, 

Hca, Ho, dH), where function 

GsumH.HCa, Ho, dH=GsetH, HCa, Ho, dH+GrsetH, 
Hca, Ho, dH 

is only dependent on magnetic parameters. 
The numerator of the sensitive-axis output term is the 

difference between the SET and RESET magnetic outputs: 
Vmag diff=Vmag set-Vmag set=CTMdifLH, 

Hca, Ho, dH), where function 

is only dependent on magnetic parameters. Note again the 
cancellation of the 'CO' term. 

The sensitive-axis output only depends on magnetic 
parameters Ho and dH, as the temperature function, 
ClT=Cl(Ap/p)T, pT, cancels from both numerator 
and denominator: 

CIT): Maiff H, ..., dH) 
CIT: Gdiff H, ..., dH) 

Maiff H, Hca, Ho, dH) 
Gdiff H, Hca, Ho, dH) 

Usen = 

Fixed scale-factors associated with ClT also cancel, 
making Usen scale independent. Similar cancellations 
occur for the cross-axis expression: 
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CT: Gstin H. ..., dH 
U : - CITI, Gaith. . . air 

Gstin H. Hoa, Ho, dH 
Gdiff H, Hca, Ho, dH) 

Specifically for the AN-205 application note “Vout 
approximation, the equations for the sensitive and cross-axis 
outputs are now derived: 

Again, the magnetic form-factor approximation equals: 
FHLH, Hea, Hols(H/(Hca+Ho)) 

The SET magnetic output equals: 
Vmag set=CO+CT(H/(Hca +Ho)), which is 

greater than CO for HCal<Ho 

The SET gain equals: 

Vgain set=CIT ((2dH)/(HCa+Ho)), an always 
positive quantity for HCal<Ho: 

The RESET magnetic output equals: 
Vmag set=CO+CT(-H(Ho-Hoa)), (which is 

less than CO for HCal<Ho) 

The RESET gain equals: 

Vgain set=CT* (-2dH)/(Ho-Hoa), (an always 
negative quantity for Hoal<Ho) 

The SET gain-RESET gain difference equals: 

The SET gain+RESET gain sum equals: 

The SET magnetic output-RESET magnetic output 
equals: 

The sensitive-axis output, Usen is seen to be propor 
tional only to 'H', as the Ho/(Ho-Hca) term common to 
both numerator and denominator cancel: 

Maiff H, ..., dH) 
Gdiff H, ..., dH) 

Usen = 

(2. Ho. H)f(Ho-Hca) H 
T (4. Ho. dH) / (Ho2-Hca?) (28 dH) 
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10 
As the constant of proportionality, 1/(2 dH), contains no 

Ho’ terms. Usen is also independent of magnetic param 
eter temperature dependencies. Given that OFFSET strap 
geometry is fixed, the precision of dH is determined 
directly by Iofst. 
The cross-axis output, Ucrs is seen to be proportional 

only to Hea, as the Ho/(Ho-Hca) term common to both 
numerator and denominator cancel. Given that constant of 
proportionality equals -(1/Ho), the temperature depen 
dency of Ucrs should be equal to or less than the tempera 
ture variation of the anisotropy field, Hk: 

Gstin H. ..., dH 
UcrS = - - - Garth. ... air 

(-4, dH. Hea)/(Ho-Hca) Hca 
T (4. Ho. dH) / (Ho2-Hca?) T (-Ho) 

All equations can be generalized to multiple samples by 
replacing individual quantities with the appropriate aver 
ages. Also, the number of gain samples per SET/RESET 
cycle need not equal the number of magnetic output 
samples. Let the magnetic output samples per SET/RESET 
cycle (steps (b) and (f)) be repeated N times, the number 
of gains taken per SET/RESET cycle (steps (c)–(d) and steps 
(g)–(h)) be repeated M times (FIG. 2 is drawn for 
M=N). The numbers of samples N and M taken per 
SET or RESET cycle, as well as the sampling rate, are 
implementation specific and dependent on the microproces 
Sor speed of the microprocessor control block 32 and signal 
filtering requirements. 
The averaged sensitive-axis output equation has a new 

scaling constant that manifests when NzM: 

USen as () 
H 

(2.dhi) 
W W 

X. (Set Outputs) - X. (Reset Outputs) 
a 

i i 

XE (Set Gains) - XE (Reset Gains) 

The averaged cross-axis equation has no additional scal 
ing constant because the ‘M’ terms common to both numera 
tor and denominator cancel: 

X. (Set Gains) + X. (Reset Gains) 

XE (Set Gains) - XE (Reset Gains) 

Scaled sensitive and cross-axis equations are found by 
multiplying by the appropriate constants of proportionality: 

Hsens (M/N) (2dH) Usen, and 

The sensitive/cross-axis output streams are updated as 
subsequent SET/RESET blocks become available. 
With reference additionally now to FIG. 7, the expected 

cross-term reduction, which result from implementation of 
the techniques of the present invention, is plotted against the 
normalized sensitive-axis field, (H/Ho). The plot was gen 
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erated via numerical simulation using constants for a rep 
resentative sensor (Ho–8 Gauss, maximum field range=2 
Gauss, and “dH=0.12 Gauss). Note that for (H/Ho)<0.075 
(Small fields), the amount cross-term reduction begins to 
peak as (H/Ho) approaches zero, which is illustrative of the 
influence of dH. For larger fields, the amount of cross-term 
reduction decreases in an approximately logarithmic man 

. 

Finally, since dFI and Ho are constants of proportion 
ality, they can be found directly if the sensitive and cross 
axis fields are known. A simple calibration to determine 
these constants will be discussed, and once known, dH and 
Ho’ then can be used to calibrate the reported field values 

to specific units and be available for utilization in correcting 
for higher-order non-linearities. 

To illustrate a representative linearization, the scaled 
sensitive-axis output, Hsen, is first constructed using the 
dH determined from calibration. 

Hsen - H -((2-dii) 
W W 

X. (Set Outputs) - X. (Reset Outputs) 
i i 

XE (Set Gains) - XE (Reset Gains) 

Next, as will be shown hereinafter in greater detail, Hsen 
is generally processed through a simple function of itself and 
a calibrated value for Ho to accomplish a significant 
linearization of Hsen: 

Hotehsen-(1/Ho) (Hsen) 

Now with particular reference additionally to FIGS. 8, 9. 
and 10, each of these figures shows a three-dimensional plot 
showing the percentage of full-scale error, as compared to 
the true sensitive-axis field, for a specific sensitive-axis 
output: 

% FS Error = 100. 
(HFuscale f Ho) 

All field values are normalized to the MR sensor constant, 
Ho, to allow for generalized comparisons between sensors. 
Both the sensitive and cross-axis ranges, as well as the error 
normalization constant, have been set to a representative 
maximum (full-scale) field value of 0.25 Ho. 

With specific reference to FIG. 8, the percentage error of 
the SET-RESET magnetic output, calibrated also to a 
(H/Ho) value of 0.25, is shown. Note this error varies 
significantly with both sensitive and cross-axis field. 

With particular reference to FIG. 9, the percentage error 
of the scaled sensitive-axis output, Hsen is shown. Note 
that error variation with cross-axis field has been greatly 
reduced, while the sensitive-axis error has been redistributed 
towards the larger field values, as compared to the previous 
figure. 

With particular reference to FIG. 10, the percentage error 
of a scaled and linearized sensitive-axis output is illus 
trated. Here the error variation; 

Has been reduced by an order of magnitude, as compared 
to FIG. 9, for the sensitive-axis field extremes; and 
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12 
Diminishes rapidly towards Zero as both the sensitive and 

cross-axis fields, magnitudes are reduced. 
The actual error variation depends mainly on how accu 

rately dH can be determined, and to a lesser degree, Ho’. 
The following is an overview of a SET/RESET output 

normalization technique in accordance with the present 
invention as implemented in a particular embodiment. 

With reference additionally now to FIG. 3, a SET/RESET 
measurement cycle as may be used in conjunction with an 
exemplary implementation of the techniques of the present 
invention is shown, as utilized in the MapstarTM II compass 
available from Laser Technology, Inc., assignee of the 
present invention. In each 0.1-sec SET or RESET measure 
ment block, the following analog/digital (A/D) measure 
ments are made: 

40X,Y, and Z magnetic output samples, (3x40)=120 A/D 
samples: N=40); 

b) 10 X,Y, and Z magnetic (+/-) gain measurements 
(3x2x10)=60 A/D samples; M =10); and 

10 pitch/roll channel measurements (2x2x10–40 A/D 
measurements). 

For economy of hardware, the X, Y, and Z MR, chips 
share both a single SET/RESET and single OFFSET pulse 
generator. As a result of these shared generators; 
The SET/RESET cycles for all sensors are synchronous; 

and 

The SET or RESET gain queries made for a given MR 
sensor show up simultaneously on the output of all the 
sensors. Hence it should be noted that the waveform timing 
for one MR channel is representative for all others. 

It should be noted that the sampling intervals and relative 
ratio of output-to-gain samples utilized were not determined 
by the technique of the present invention itself, but were 
selected in light of the sampling rate required to reject 50/60 
HZ magnetic interference and the speed of the particular 
microprocessor used in the hardware implementation of the 
MapstarTM II compass. 

With reference additionally now to FIGS. 4 and 5, an 
expanded view of the SET portion of the measurement cycle 
shown in the preceding figure is illustrated in the former 
figure while one of the ten Gain/Pitch/Roll acquisition 
sequences made in the SET magnetic state is shown in the 
latter. It should be noted that for the SET magnetic state, the 
first sample of a X, Y, or Z channel gain measurement is 
positive with respect to baseline (which represents the 
ambient magnetic field), while the second is negative. The 
positive difference between these two gain readings consti 
tute a SET gain measurement. 

With reference additionally now to FIG. 6, the converse is 
true for the RESET gain measurement illustrated. The first 
sample of an X, Y, or Z channel gain measurement is 
negative with respect to baseline, while the second is posi 
tive, which results in-a negative RESET gain measurement. 
The plus/minus gain polarity for the SET/RESET gains is 
due both to how the MR sensor 10 functions and the way the 
OFFSET strap 18 is energized during the measurements. 

After block measurements for both the SET and RESET 
magnetic states are made, a normalized output, in which 
both temperature and magnetic cross-term effects are greatly 
reduced, can be calculated using the following formula: 
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40 40 

X. (Set Outputs) - X. (Reset Outputs) 
Usene? - P - - sens (). Ins O O 

X. (Set Gains) - X. (Reset Gains) 

The normalized output stream is updated as Subsequent 
SET/RESET blocks become available. 

With particular reference to pages 11, 12 and 15–19 of the 
Philips Publication (Appendix 1: The Magnetoresistive 
Effect) the “barber-pole' sensor equations can be developed. 
Equation (1) on page 15 defines the resistivity-field rela 
tionship as a function of the angle '0' between the internal 
magnetization vector M and current vector I, with p L 
and p being the resistivities respectively perpendicular 
and parallel to the magnetization vector M: 

peopl+(p-pi) Costel 
From FIG. 17 on page 15, 0 can be expressed as the sum 

of (2) angles, 0-p+0, where q is the angle between vector 
M and the length-axis (+x axis), and 0 is the angle between 
vector I and the length-axis. Note that p varies as vector M 
rotates under the influence of external fields, while vector I 
(hence 0) is fixed for a given sensor type. 
The quotient, Q (Ap/p)=(p-pi)/pL, is defined as the 

anisotropic magnetoresistive constant, and equation (1) can 
be modified to show this constant: 

pe=p(1+Q Coste)) 

For the simple geometry for the resistor shown in FIG. 17. 
the resistance-field equation is: 

where thickness it is much smaller than width W, which 
in turn is smaller than length L. The quantity Rop (LW/ 
t) is the equivalent resistance for a non-magnetoresistive, 
i.e., "ordinary resistor with similar geometry. 

Following the discussions of pages 11, 12, and 17, the 
equations describing a barber-pole MR bridge are derived 
here. First, the resistance equation is scaled by a scale factor 
C. to account for the resistance reduction due to the shorting 
strips: 

Re=(CLRo)(1+Q Cose) 
The C. Ro' term has the same physical interpretation as 

the original Ro, and equals the resistance value for an 
ordinary resistor with shorting strips. Henceforth for brev 

ity, the ‘C’ term will be dropped in Subsequent equations. 
It is now helpful to model the change in current direction 

caused by the addition of barber-pole shorting strips. To do 
this, the rotation angle 0 for current vector I must be set to 
+JL/4. Define Rn to be a magnetoresistor whose value 
decreases with applied sensitive-axis field. For this case, 
0=+JL/4: 

Rp can be defined to be a magnetoresistor whose value 
increases with an applied sensitive-axis field. For this case, 
0=-7L/4: 

Expanding the Cos I terms in both the Rn and Rp. 
equations reveals the magnetic form-factor, Cosqp Sincp. 
which only depends on applied fields: 
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Rp=Ro(1+9/2+O CoscipSincp)=Ro(1+9/2+O 
FHIqb)) 

Re-distributing terms shows that the barber-pole' resis 
tors can be modeled by the sum and/or difference of two 
resistors: 

Rm varies magnetically, and Rt does not. 
These resistance expressions then can be substituted into 

circuit topologies to derive equations reflecting various 
bridge-sensor/amplifier combinations. For a constant-volt 
age bridge, Vout is simply the difference between the (+) and 
(-) voltage-divider legs of the bridge. Expressing Vout in 
terms of Rm and Rt. 

Rp - Rn 
Wout = Wibor. Oii Rp + Rn 

(R+ Rm - (R - Rm) (R, + Rn + (Rt. Rn) 
= Vitor. Rmp, T 

RiT 

Rb|T 
= Vitor. () FHel 

Vout for a constant-current bridge is relatively easy to 
derive by noting that Sum (Rp+Rn) is a constant for any 
applied field, hence Vbr=I(Rp+Rn)/2: 

Wotti = Wib Rp - Rn 
Ott W. Rp + Rn 

= (Rp + Rn) (2. Rn) 
= (1. 2 ) in 
= 1. Rmp, T 

= I. Rb|T. FHIp 

Note that the mathematical form for Vout in both MR 
bridge expressions is a product of (2) functions, one being 
of temperature, and the other being simply the magnetic 
form-factor of the barber-pole magnetoresistors. The tem 
perature function derives from the temperature dependen 
cies of Ro and/or Q: 

Vout-(Vbr(2O,(2+G)))FHop for the 'V' bridge 

Vout-(I Ro Q) FHop for the I bridge 

The V expressions for both the constant-voltage and 
constant-current bridges can be generalized again into the 
form: 

where CO is considered a constant, ClT is some 
function of temperature, and FH (pHx.Hy is a reasonable 
approximation for the barber-pole MR resistor magnetic 
form-factor. For the cases of the constant-voltage and con 
stant-current bridges, CO represents the Zero-field bridge 
offset Voltage, which is caused by resistance mismatches 
occurring during fabrication. 
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Other circuit topologies whose output can approximate 
the CO+C1 FH form can be used with the techniques of the 
present invention. The MapstarTM II compass uses a con 
stant-voltage MR bridge coupled with a single operational 
amplifier approximation for a true differential bridge ampli- 5 
fier; the Rt/Rim form for the Vout equation looks like: 

Vior 1 2. Rf Rn 
Wout = - + Vibr. - - - - - - - 

2 2 Rt + 2. Rg - Rm? Rt Rt 10 

Zeroing the tiny Rm/Rt term (because Rt>>Rim, hence 
Rt>>Rm/Rt as well) results in an approximation with the 
desired CO+C1 FH form: 15 

Vouis P + Vbr.: 2. Rf RITI). outs -- + r -- (H): p 
as CO + CIT). FHe 2O 

In order to complete the MR resistor/bridge equations, the 
magnetic form-factor needs to be expressed in terms of both 
the sensitive (Hx) and cross-axis (Hy) fields instead of 
‘(p: 

FHI(pHx, Hy)=NewFHLHx, Hy 

This equation defines (pHX.Hy in terms of a transcen 
dental equation: 

30 
Sincp=Hy/(Ho--(Hx/Cosqb)) 

Because of the transcendental nature of pHx.Hy, only 
approximations for FHHx,Hy), and ultimately, any type of 
barber-pole MR sensor, can be defined. This equation, 
however, can be solved numerically, which allows for the 
comparison of various form-factor approximations as well 
as numerical simulations of magnetoresistive sensor/ampli 
fier topologies. 
The simplest approximation for FHHx.Hy and the one 

used for the Vout expression given in the AN-205 appli 
cation note reference, assumes that cp is Small enough Such 
that that Cosps 1, in both FH(p) and equation (6) therein 
States: 

FHI(p=Cos(pSinople (1)Sincp), and 

35 

40 

45 

SincpsHx/(Ho--Hyf(1)), 

which leads to 

FHH, Hcalls H/(Hca +Hs) (as denominated in 
AN-205) 

Vout for the constant-voltage bridge becomes: 
Vout-(Vbr(2O,(2+G)))FHIp 55 

a(H/(HCa+Hs)), 

which assumes 
60 

as (Vhr Q), 

which is a good approximation since if Q-2, Vout for the 
constant-current bridge is: 

Vout-(I Ro O)FHop 65 

a(H7(HCa+Hs)), where as (I Ro C) 

16 
Note that these equations derived for the constant voltage 

and current MR bridge types matches the Vout equation 
given in the AN-205 application note reference. 

Although the AN-205 Vout approximation is suitable for 
most applications, experimental evidence to be shown here 
inafter indicates refinements are needed to model the finer 
features a MR bridge sensor. Specifically, actual SET 
RESET gain differences show quadratic-like variations for 
BOTH the sensitive and cross-axis fields, but the AN-205 
approximation predicts NO variation with the sensitive-axis 
field: 

has no Hx, the sensitive-axis field term. 
To derive a second approximation for FH (pHx.Hy. 

assume that that Cos(ps 1 only for equation (6), but not for 
FH(p). Given that 

SincpHx, Hys Hxf(Ho--Hy), 

Cos(p)=Sqrt[1-Sin (pl), and 

FHI(p=SincipCosp), 

5 the second FH approximation equals: 

FHLHx, Hy, Hols ( 

Comparing both the AN-205 and second form-factor 
approximations via a reference numerical solution indicates 
the second approximation reduces the maximum approxi 
mation error (0.30% versus 0.026%) by about one order of 
magnitude for a sensitive/cross-axis field range of t0.6 
Gauss with Ho=8 Gauss. 
To verify this second approximation, the SET gain-RE 

SET gain (a composite of several functions) using this 
form-factor was determined: 

Vgain diffe CITIGdiff Hx, Hy, Ho, dH), where func 
tion 

Gdiff Hx, Hy Ho, dHas GsetHx, Hy Ho, dH-GrsetHx, 
Hy, Ho, dH), and 

Gr.setFix, Hy Ho, dHas FHLHx+dH, Hy-Ho-FH.Hx 
dH, Hy-Ho 

For comparison purposes, Vgain Diff needs to be nor 
malized with respect to amplifier and A/D scale factors; this 
is done by dividing Vgain diff with its zero-field value: 

Normalized Vgain diff=GdifLH, Hca, Ho, dH Gdiff 
O,OHo, dH 

As this normalized Vgain diff expression is fairly 
involved, it will not be reproduced herein. A second-order 
series expansion, however, is useful in illustrating how the 
normalized SET-RESET gain behaves while HX and Hy vary 
individually: 

For Hy=0 and dH->0, the series expansion indicates that 
the normalized SET-RESET gain decreases quadratically 
with the sensitive-axis field, HX: 

Normalized Vgain diffe1+(-2/3)Ho’) 'Hx’ 
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ii) For HX=0 and dH->0, the series expansion indicates 
that the normalized SET-RESET gain increases quadrati 
cally with the cross-axis field, Hy: 

Normalized Vgain diffe1+(Hot) 'Hy? 

As both these behaviors are consistent with both experi 
mental data and numerical simulation, it is concluded the 
second approximation is adequate for further symbolic 
work. 

To determine the amount of cross-term reduction afforded 
by the techniques of the present invention, both calibrated 
SET-RESET magnetic outputs and sensitive-axis outputs 
are required. The SET-RESET magnetic output equals: 

Vmag diff=Vmag set-Vmag set=CTMdifLH, 
Hca, Ho, dH), where function 

The scaled sensitive-axis output is defined as: 

Scaled Sensitive-Axis Output = Hsen 

Maiff H, ..., dH) 
- (2*dh) oright. At 
as H 

By analogy, both the Vmag diff and Hsen output 
functions can be visualized as having a "spine running 
along the sensitive-axis, out of which quadratic "ribs' ema 
nate in the cross-axis direction: 

Vmag diffLH, HcaleSpineMaif|H+RibMdif|H|Hca, 
and 

Hsen (HHCaleSpineHsen (H+RibHsen (HHca’ 

The Spine functions (ideally equal to H) describe the 
shape of the sensitive-axis spine, and the Rib functions 
(ideally zero) describe how far the ribs extend above or 
below the spine. 

To calibrate the SET-RESET magnetic output, a calibra 
tion by “excursion' is done by comparing values for 
Vmag diff at two equal-but-opposite sensitive-axis field 
excursions, with the cross-axis field equaling Zero. The 
calibration constant-of-proportionality equals: 

KMDIFFs(2Hcal) (Spine Mdif+Hcal-Spine Maif 
Hcal) 

The calibrated SET-RESET magnetic output equals: 
Calibrated Vmag dif'=KMDIFFx Vmag 

diff=KMDIFF(SpineMaif|H+RibMdif|HHca) 

A calibration by excursion is also done for Hsen to 
account for its small non-linearities at the maximum field 
excursion points. The calibration constant, KMSENS, is 
close to unity: 

KMSENS=(2Hcal) (Spine HSn+Hcal-Spine Hsin 
Hcal) 

The calibrated sensitive-axis output equals: 
Calibrated Hsen’=KMSENSxHsen'=KMSENS 

(SpineHsen (H+RibHsen (HHca) 

The desired cross-term reduction equation is found by 
taking the quotient of the calibrated “rib’ functions. Using 
the symbolic forms provided by the second magnetic form 
factor approximation, the mathematical form for the cross 
term reduction looks like: 
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Xterm-Reduction H KMDIFF (RibMdif|H). Hea’ 
KHSENS RibHsen H. Hea? 

-- Cl 

(dH2 + c2. H2) 

From this equation form, it can be inferred that: As H 
goes to Zero, the cross-term reduction is limited by dH. 
Hence for small fields, the smaller the dH, the greater the 
cross-term reduction. 

For larger 'H', the reduction decreases as the inverse 
square of H, or in a roughly logarithmic manner, regardless 
of the value of dEI. 

Concerning sensitive-axis linearization, some insight can 
be gained by examining a series approximation for the 
'spine of Hsen: 

SpineHsen HaH+(Ho?).H. 

An inversion of this simple cubic series can be found by 
changing the H term to Hsen then solving for H; this 
creates a linearizing function for Hsen: 

-2Y. 3 HeHsen-(Hof)'Hsen 

More elaborate linearization schemes can be constructed 
both by numerical and symbolic techniques. 

With reference additionally now to FIGS. 11A and 11B, 
an experimental validation of the SET-RESET gain normal 
ization equations derived in accordance with the technique 
of the present invention is shown. In this experiment (per 
formed at room-temperature, Ts25° C.) a Honeywell 
HMC1002 MR dual-axis sensor (1 MR bridge/axis) was 
rotated through 360 degrees (at level) in the Earth's mag 
netic field while recording the SET-RESET magnetic chan 
nel output along with both the SET and RESET gains for 
each axis. From this data, one would hypothesize that after 
calculating both the sensitive and cross-axis outputs for each 
axis, one could determine for each MR chip: 
The cross (insensitive) axis direction; 
The sensor constant, Ho: 
The OFFSET strap field, dH; and 
The sensor OFFSET strap current-to-field conversion 

constant, denominated OFFSET Field by the Honeywell 
Datasheet, given that the OFFSET strap current, Iofst, 
equals 6 milliamperes. 

It is generally known that the horizontal magnetic field for 
the experiment location (i.e. Denver, Colo.) is substantially 
0.2 Gauss. 

The AN-205 application note indicates a nominal value 
for Ho of 8.0 Oersted, which is, equivalent to 8.0 Gauss in 
free-air. 
The constant dEI is related to both the OFFSET strap 

current and the OFFSET current-to-field conversion con 
stant, which is nominally specified by the Honeywell 
Datasheet at 51 milliamperes/Gauss. The formula needed to 
calculate this conversion constant is: 

OFFSET Field=Iofst/dEI 

It should be noted that in this particular experiment, forty 
SET-RESET magnetic measurements (N=40) and ten SET 
and RESET gain measurements (M=10) were taken per 0.1 
second block, but this rate was determined solely by the 
interrupt overhead of the microprocessor in use in the 
particular embodiment under test (e.g. a MapstarTM II com 
pass) 
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Assuming that the XY MR chips are orthogonal to each 
other, the sensitive-axis output of each chip should be 
proportional to the cross-axis output of the other as they are 
both rotated in the Earth’s magnetic field. Therefore plotting 
the cross-axis output of each sensor against the sensitive 
axis output of its sister-chip should reveal whether the 
cross-axis direction is parallel (+slope) or anti-parallel 
(-slope) to the sister chip’s sensitive-axis. 
The sensitive-axis output for each sensor is found using 

the following formula, which takes into account the unequal 
number (required to find a correct dH) of output versus 
gain samples per sampling period: 

40 40 

X. (Set Outputs) - X. (Reset Outputs) 
H 10 

(2.dH) T40 10 O 
X. (Set Gains) - X. (Reset Gains) 

USen as 

The cross-axis output for each sensor is negated in order 
to give a positive constant-of-proportionality, which will 
prove less confusing when determining cross-axis direction 
and finding Ho: 

Hc 

(+Ho) 
Hc 

(-Ho) 
X. (Set Gains) + X. (Reset Gains) 

... - X. (Set Gains) - X. (Reset Gains) 

UcroSS as 

With particular reference to FIG. 11A, the negative-slope 
of the X-channel cross-axis versus Y-channel sensitive-axis 
plot indicates that the X-channel cross-axis points in the 
(-Y) axis direction. 

Conversely, with particular reference to FIG. 11B, the 
positive-slope of the Y-channel cross-axis versus X-channel 
sensitive-axis output plot indicates that the Y-channel cross 
axis points in the (+X) axis direction. 
Knowing that for the MapstarTM II compass: 
The (+Y) chip sensitive-axis points to the LEFT of the 

forward-looking (+X) chip; and 
The (+X) chip sensitive-axis points to the RIGHT of the 

forward-looking (+Y) chip; 
The cross-axis direction for both chips is to the RIGHT of 

a forward-looking sensitive-axis. This was expected, as 
similar sister chips must have identical cross-axis directions. 

Again with particular reference to FIGS. 11A and 11B, 
knowledge that each plot projection onto either a sensitive or 
cross-axis is associated with a 0.4 Gauss change (due to the 
rotation) allows for the calculation of both dH and Ho: 

dH X'=(0.4 Gauss X Sensitive-axis Excursion)/2= 
(0.4 Gauss 1.591)s0.126 Gauss 

Ho X's (0.4 Gauss X Cross-axis Excursion)=(0.4 
Gauss, 0.04902)s8.16 Gauss 

dH Y's (0.4 Gauss Y Sensitive-axis Excursion)/2 

=(0.4 Gauss, 1.583)s0.130 Gauss 

Ho Y's (0.4 Gauss Y Cross-axis Excursion)=(0.4 
Gauss, 0.05166)s7.74 Gauss 
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The calculated OFFSET Field values are: 

OFFSET Field X'—Iofst/dFI X=(6 mA/0.126 
Gauss)247.6 mA/Gauss 

OFFSET Field Y'-Iofst/dH X=(6 mA/0.130 
Gauss)246.2 mA/Gauss 

All the values calculated for Ho and OFFSET Field are 
consistent with the AN-205 reference and Honeywell 
Datasheet. 

With reference additionally now to FIGS. 12A and 12B, 
a further experimental validation of the SET-RESET gain 
normalization equations derived in accordance with the 
technique of the present invention is shown wherein the fine 
features of the magnetic form factor are checked. The 
experimental set up comprised: 

Placing the HMC1002 MR dual-axis sensor in a small 
Helmholtz coil, with the Y-axis MR bridge (chip) aligned 
with the coil axis; 

Aligning the Helmholtz coil axis roughly to magnetic 
North; 

Energizing the coil, and adjusting the MR sensor board 
position to maximize the Y-axis signal; and 

De-energizing the coil, and then adjusting the Helmholtz 
coil direction to minimize the X-axis signal. 

With this alignment, most of the signal developed by the 
Y-axis chip will be due to its sensitive axis. Conversely, most 
of the signal developed by the X-axis chip will be due to its 
cross-axis field; which is reported by the negated sensitive 
axis output of the Y-chip. 

After completing the sensor board alignment, the Helm 
holtz coil current was slowly swept to generate a Y-axis field 
of approximately -1.2 to +1.5 Gauss. During the Sweep, the 
SET-RESET magnetic channel output along with both the 
SET and RESET gains for each axis were recorded at 
room-temperature, Ts25°C. 
As before, forty SET-RESET magnetic measurements 

(N=40) and ten SET and RESET gain measurements 
(M=10) were taken per 0.1 second block, but this rate was 
determined solely by the interrupt overhead of the micro 
processor in use in the particular embodiment under test 
(e.g. a MapstarTM II compass). 
The Y-channel scaled sensitive-axis output was deter 

mined using the following formula, assuming a default value 
of (6 mAx(1 Gauss/51 mA))=0.12 Gauss for dH: 

10 
H Yas H = -- . (2.dFH). Sen 40 ( ) 

40 40 

X. (Set Outputs) - X. (Reset Outputs) 
O O 

X. (Set Gains) - X. (Reset Gains) 

With reference additionally now to FIG. 12A, a quadratic 
least squares (LSQ) fit was done to determine the X-axis 
SET-RESET gain variation with the negative of the scaled 
Y-axis sensitive output, which reports the X-chip cross-axis 
field. After normalization by the LSQ constant coefficient, 
the normalized SET-RESET gain was plotted against the 
reported cross-axis field. This plot is illustrative of the fact 
that SET-RESET gain increases with cross-axis field. Com 
putationally, the LSQ fit shows: 
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Normalized S-R Gains(5120.6+78.01Hca)/5120.6 

(1+65.643 Hea’) 
The measured versus calculated values for the inverse of 

the normalized quadratic term are: 
65.643 versus (Ho’)=(8?)=64 

With reference additionally now to FIG. 12B, a second 
quadratic least squares (LSQ) fit was done to determine the 
Y-axis SET-RESET gain variation with the scaled Y-axis 
sensitive output. The normalized SET-RESET gain was 
then plotted against the reported sensitive-axis field. The 
resultant plot was also illustrative of the fact that SET 
RESET gain decreases with sensitive-axis field. Mathemati 
cally: 

Normalized S-R Gains (54.06.5+161.25 Hea)/54O6.5 

(1-33.53 Hea?) 
The measured versus calculated values for the inverse of 

the normalized quadratic term are: 
–33.53 versus (-2/3)(Ho?)=(0.667)(82)=-42.67 

What has been provided, therefore, is a measurement 
technique for normalizing the sensitive-axis output of a 
magnetoresistive (MR) sensor which greatly reduces both 
temperature effects and magnetic contributions from the 
insensitive-axis cross-terms. As described herein, the nor 
malization techniques disclosed may be effectuated by direct 
measurement with no prior knowledge of the sensor con 
stants being required and may be performed for a single 
sensor with multiple sensors also not being required in order 
to estimate the cross-axis fields for each of the other sensors. 
The techniques disclosed provide an output proportional to 
the insensitive-axis field as well as that of the sensitive-axis 
and, when combined with knowledge of ambient field 
strengths, can be used to determine fundamental MR sensor 
constants which then allows for correction of higher-order 
sensor non-linearities. The techniques disclosed are particu 
larly conducive to low power Supply availability applica 
tions such as, for example, those encountered with battery 
powered equipment. 
The above description is based on devices utilizing a 

standard two or three chip arrangement to provide output for 
the X-axis and the y-axis (and optionally the Z-axis). Using 
the following described techniques, however, the inventor 
realized that the algorithms for calibrating a 2-chip (1-chip 
per axis) compass apply directly to making and/or operating 
a 1-chip compass (or other MR device). As will be described 
below in detail, the synthesis of a cross axis can be used to 
generate a second axis similar to that of a second chip, and 
significantly, a 1-chip compass or MR device can be pro 
duced using the techniques of the present invention with 0.5 
to 1 degree accuracy (e.g., at 0.2 Gauss horizontal field 
strength). Hence, a 1-chip compass or MR device has 
accuracy highly Suitable for many lower accuracy applica 
tions, such as the navigational compass of an automobile or 
the like. 

To demonstrate the calibration and accuracy evaluation 
for both 1 and 2-chip compass systems, a MapstarTM II 
compass containing a HMC1002 dual-axis sensor was 
mounted on a theodolite, then rotated 360 degrees (at level) 
in the Earth's magnetic field. At approximately 10 degree 
increments, reference angles provided by the theodolite 
were paired with magnetic data from the HMC1002 sensor 
and written to a data file, for a total of N=37 points-per-file. 
Afterwards, both sensitive and cross-axis outputs were cal 
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22 
culated for the individual X and Y chips contained within the 
HMC1002 sensor. This procedure was repeated for several 
compasses, and a representative run was selected for this 
example. 

Mathematically, our calibration models either a sensitive 
or synthesized cross-axis output by the vector DOT-PROD 
UCT of the applied magnetic field with a vector aligned with 
output axis direction: 

where: 
ag’ is the clockwise angle of rotation from magnetic 

north; 
Hhorz is the horizontal magnetic-field magnitude; 
Sf is an axis sensitivity factor; and 
ph is a phase which sets axis direction. 
An ideal 2-chip compass utilizes the sensitive-axis out 

puts of separate X and Y sensors whose axis phasing is 90 
degrees apart or orthogonal: 

Hx = Hihor: SfSy: Cosag + 0), and 

Hy = Hihor: SfSy: Cosag + Pi/2) 

= Hitor: SfSy: Sinag + O. 

Plotting these outputs against each other would result in an 
ellipse, as the axes scale factors, SfSX’ and SfSy’ generally 
are not equal. 
To model non-orthogonality, Small phase adjustments are 

added to change the axes directions: 

Hy=Hhorz*SfSy*Sinag+ph2), 

where ph1 and ph2 are small and non-zero. 
Plotting non-orthogonal outputs against each other results in 
a tilted ellipse, with the degree of tilt reflecting the amount 
of axis non-orthogonality. 

FIG. 13A shows the sensitive-axis XY outputs against 
each other for the example HMC1002 dual-axis sensor, 
which represents a typical 2-chip compass. The plot axes 
scales are nearly equal, as would be expected for similar 
sensors, and the Small degree ellipse tilt indicates that the X 
and Y chip axis directions are nearly orthogonal. Similar 
plots of the sensitive versus the synthesized cross-axis 
outputs for the INDIVIDUAL X and Y chips, as seen in 
FIGS. 13B and 13C, yield similar ellipses. This illustrates 
not only that a 1-chip compass can be achieved according to 
the techniques of the present invention, but a 1-chip compass 
can be also calibrated using algorithms identical to those 
used for 2-chip compasses. 
The amount of tilt for the ellipses shown in FIGS. 13B and 

13C, however, indicates a greater degree of axis non 
orthogonality than seen for typical 2-chip compasses. 
Although unexpected (and ultimately traced to manufactur 
ing process variations), this non-orthogonality is easily 
accounted for during calibration. Also, the plot scales for 
FIGS. 13B and 13C differ significantly from each other 
because the synthesized cross-axis output is typically Hof 
2dH times smaller (about 33 times for the HMC1002 chips) 
than the sensitive-axis output. Hence, preferred embodi 
ments of 1-chip compasses preferably will seek to minimize 
or at least reduce or control Ho (but, typically, at the 
expense of linearity) to increase cross-axis output and over 
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all sensitivity. As the calibration techniques used for 1-chip 
compasses allow for the ready determination of dH and 
Ho, both of which are useful in correcting non-linearities, 
the impact of a lower Ho should not be significant. 

Normally the algorithms used in compass field calibra 
tions DO NOT rely on measured angles, and for this reason 
tend to be complex. Since reference angles are available, 
however, an easy method of calibration is to simply perform 
a Fourier analysis (using LSQ techniques) on the magnetic 
components outputs. This allows for both the determination 
of axis scale-factors and phases, which describe both 1 and 
2-chip compasses in the described model. 
As the equations which describe the LSQ fit are readily 

described in matrix notation, the experimental data is first 
organized into five (Nx1) column vectors: 
AG={ag1, ag2. . . . , agn. Reference angles 
XS-XS1, Xs2, . . . , XSn} X-chip sensitive-axis data 
XC-xc1, Xc2, . . . , Xcn} X-chip cross-axis data 
YS={ys1, ys2, . . . . ysn} Y-chip sensitive-axis data 
YC-yc1, yC2, . . . . yen Y-chip cross-axis 
Along with a constant vector, both cosine and sine vectors 

are generated using the reference angles, again all of dimen 
sion (Nx1): 
KV={1, 1,..., 1}. A vector of ones 
CV={Cosag1), Cosag2). . . . . Cosagn Cosines 
SV={Sinag1), Sinag2). . . . . Sinagn. Sines 
The cosine and sine vectors are next multiplied by a 

Scaling factor representing the local magnetic field magni 
tude and are combined with the constant vector into a (Nx3) 
matrix denoted by X: 

where * denotes scalar multiplication. Note that scaling 
factor sf can be set to unity if only angles are needed. 

Another matrix, labeled MXT, is prepared from X 
using the Transpose and Inverse matrix operations: 

XT = Transpose X 
MM = Inverse XTX) 
MXT = MMXT 

a (3 x N) matrix 
a (3 x 3) matrix 
a (3 x N) matrix 

Note here that “... henceforth denotes either a vector dot 
product or matrix multiplication. 

Post-multiplying MXT with a magnetic component vec 
tor generates a (3x1) Fourier coefficient vector, which rep 
resents the best-fit linear combination of offset, cosine, and 
sine vectors which make up the magnetic component vector: 

Best-Fit Magnetic 
Component Vector=Mcos’ CV+Msin SV+Ofst, 

where {Ofst Mcos Msin}=MXT. mag.component vec 
tor 

Since the HMC1002 sensor contains two MR chips, four 
separate magnetic component outputs are available for com 
pass construction. The Fourier components for these axes 
a. 

FXS={Oxs, Cxs, SXs=MXTXS X-chip sensitive-axes 
coefs 
FXC={Oxc, Cxc, Sxc}=MXT XC X-chip cross-axis 

coefs 
FYS={Oys, Cys, Sys}=MXT.YS Y-chip sensitive-axis 

coefs 
FYC={Oyc, Cyc, Syc=MXT.YC Y-chip cross-axis 

coefs. 
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Construction begins by re-arranging the Fourier coeffi 

cients of two orthogonal (or nearly so) axes to form a (2x2) 
Scaling matrix and a (2x1) offset vector, which are now 
defined for our three compass systems of interest: 

a) 2-chip (XY) compass: vectors FXS and FYS are used 
CC2={Cxs SxS Cys Sysand OFST2={Oxs, Oys 
b) 1-chip (X) compass: vectors FXS and FXC are used 
CCx={Cxs SxS Cxc Sxc} and OFSTx={Oxs, Oxc 
c) 1-chip (Y) compass: vectors FYS and FYC are used 
Ccy={Cys Sys Cyc Syc and OPSTy={Oxs, Oxc 

A 4th compass system could be constructed from the Syn 
thesized X and Y chip cross-axis components but is not done 
So for this example. 

For each compass under consideration, the scaling matrix 
and corresponding offset vector form a linear system which 
describe the selected magnetic component outputs in terms 
of reference angles: 

Inverting this linear System gives best-fit cosine?sine 
pairs in terms of magnetic components: 

{Cosag), Sinag=Inverse|CC {xval, val-In 
verse|CC OFST 

These best-fit cos/sin pairs are then used to find angles 
via a 4-quadrant ArcTan function: 

Best-fit angle-ArcTan2 {Coslag). Sinag) 
Finally, the angular differences between the best-fit angles 
and the reference angle list are computed to determine how 
well the selected compass system can be calibrated. 

In this example calibration, FIGS. 14A, 14B, and 14C 
illustrate calibration error plots for representative 2-chip 
(XY), 1-chip (X), and 1-chip (Y) compasses, respectively. 
As can be seen from the plots, accuracy is higher in the 
2-chip device, i.e., about plus or minus 0.02 to 0.05 degrees. 
Significantly, the 1-chip devices also provide reasonable 
accuracy, i.e., about plus or minus 0.5 degrees, which is 
acceptable in many compass applications. Further statistical 
analysis on all the calibration runs was performed and 
showed that the Root-Mean-Square (RMS) accuracy for the 
2-chip compasses was about 0.06 degrees while the RMS 
accuracy for the 1-chip compasses (i.e., the X-chip and the 
Y-chip of the HMC1002 device) was about 0.6 degrees. 
Hence, this experiment shows that the techniques of the 
present invention can be implemented to provide a 1-chip 
compass with accuracy of about 1 degree or less (i.e., 0.6 
degrees and in some cases, higher accuracy can be 
achieved). 

Sensor constants for each individual MR chip can also be 
derived from the Fourier coefficients, providing that the 
scaling factor sf was set to the local horizontal field 
magnitude during the calculation of X: 

Hox=SqrtCxc2+Sxc2X-chip 

effective Ho 

Hoy=Sqrt[Cyc2+Syc2Y-chip 

effective Ho 

Given an experimentally determined horizontal ambient 
field of Hhorz=0.2198 Gauss, the dH and effective Ho 
values calculated for both MR chips contained within the 
representative HMC1002 device were 
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{dHx, Hox}={0.1293, 7.968, and 
{dHy, Hoy}={0.1252, 7.789, respectively. 
These values compare favorably with a nominal calcu 

lated dEI value of 0.122 Gauss, and a nominal quoted Ho 
value of 8.0 Gauss, which is provided by the AN-205 
reference. Hence, the 1-chip compass provides a relatively 
accurate MR device that can readily be calibrated to further 
improve compassing results. 

While there have been described above the principles of 
the present invention in conjunction with specific circuit 
implementations and sensor technologies, it is to be clearly 
understood that the foregoing description is made only by 
way of example and not as a limitation to the scope of the 
invention. Particularly, it is recognized that the teachings of 
the foregoing disclosure will suggest other modifications to 
those persons skilled in the relevant art. Such modifications 
may involve other features which are already known perse 
and which may be used instead of or in addition to features 
already described herein. 

It is likely that 1-chip compasses will drift due to tem 
perature more than 2-chip compasses due to variations in 
Ho, but the amount of drift should not significantly affect 
accuracy results of the 1-chip compasses. Additionally, the 
temperature dependency of dH can be precisely set for the 
1-chip compass using hardware to better control the 1-chip 
accuracy or outputs. 

Although claims have been formulated in this application 
to particular combinations of features, it should be under 
stood that the scope of the disclosure herein also includes 
any novel feature or any novel combination of features 
disclosed either explicitly or implicitly or any generalization 
or modification thereof which would be apparent to persons 
skilled in the relevant art, whether or not such relates to the 
same invention as presently claimed in any claim and, 
whether or not it mitigates any or all of the same technical 
problems as confronted by the present invention. 
What is claimed is: 
1. A method for operating one chip of a magnetic sensor 

having SET/RESET field generating elements as a compass, 
comprising: 

collecting output of a sensitive axis of the one chip of the 
magnetic sensor, 

determining a cross-axis output of the one chip of the 
magnetic sensor, and 

performing a compassing computation using the sensitive 
axis output and the cross-axis output as first and second 
sensitive axis inputs, respectively. 

2. The method of claim 1, wherein the determining of the 
cross-axis output comprises: 

sampling a number of SET gains of the sensor to produce 
a first Sum; 

sampling a number of RESET gains of the sensor to 
produce a second Sum; 

adding the first Sum to the second Sum to produce a first 
result; 

Subtracting the second Sum from the first Sum to produce 
a second result; and 

dividing the first result by the second result. 
3. The method of claim 1, further comprising normalizing 

the output of the sensitive axis, comprising: 
sampling a number of SET outputs of said sensor to 

produce a first Sum; 
sampling a number of RESET outputs of said sensor to 

produce a second Sum; 
sampling a number of SET gains of said sensor to produce 

a third Sum; 
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26 
sampling a number of RESET gains of said sensor to 

produce a fourth Sum; 
Subtracting said second Sum from said first Sum to pro 

duce a first result: 
Subtracting said fourth Sum from said third-Sum to pro 

duce a second result; and 
dividing said first result by said second result. 
4. The method of claim3, wherein the normalizing further 

comprises dividing the magnetic field (H) by the quantity 
(2*dH). 

5. The method of claim 3, wherein the number of SET 
outputs, RESET outputs, SET gains and RESET gains is at 
least one. 

6. The method of claim 1, wherein the compassing 
computation has an accuracy in the range of about 0.5 
degrees to about 1 degree. 

7. The method of claim 1, wherein the magnetic sensor 
further comprises OFFSET field generating elements and the 
method further comprises normalizing the output of the 
sensitive axis, the normalizing comprising: 

furnishing a pulse having a first direction to the SET/ 
RESET field generating elements to establish a SET 
magnetic state; 

sampling an output of the magnetic sensor to establish a 
SET magnetic output; 

providing a pulse having the first direction to the OFFSET 
field generating element; 

sampling the output of the magnetic sensor to establish a 
first sample: 

providing another pulse having a second direction oppo 
site to the first direction to the OFFSET-field generating 
element; 

further sampling the output of the magnetic sensor to 
establish a second sample; and 

Subtracting the second sample from the first sample to 
establish a SET gain. 

8. The method of claim 7, wherein the act of furnishing a 
pulse having a first direction to the SET/RESET field 
generating elements is carried out by applying a positive 
going current pulse. 

9. The method of claim 7, wherein the act of providing a 
pulse having a first direction to the OFFSET field generating 
elements is carried out by applying a positive-going current 
pulse. 

10. The method of claim 7, wherein the act of providing 
another pulse having a second direction opposite to the first 
direction to the OFFSET field generating elements is carried 
out by applying a negative-going current pulse. 

11. The method of claim 7, wherein the acts of sampling 
the output of said magnetic sensor are carried out by means 
of an A/D converter. 

12. The method of claim 7, wherein said acts of sampling 
an output of said magnetic sensor to establish said SET 
magnetic output through subtracting said second sample 
from said first sample to establish said SET gain are repeated 
at least one additional time. 

13. The method of claim 7, further comprising: 
providing a pulse having a second direction opposite to 

said first direction to said SET/RESET field generating 
element to establish a RESET magnetic state. 

14. The method of claim 13, wherein said acts of provid 
ing said pulses having a first and second direction to said 
SET/RESET field generating elements to establish respec 
tive SET and RESET magnetic state are carried alternately. 
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15. A circuit for use as a 1-chip compass, comprising: 
a magnetoresistive (MR) sensor having first and second 

terminals, the MR sensor comprising a sensitive axis 
and a cross axis; 

SET/RESET field generating elements disposed at a first 
location with respect to said MR sensor; 

OFFSET field generating elements disposed at a second 
location with respect to said MR sensor so as to 
generate a field orthogonal to that generated by said 
SET/RESET field generating elements; 

an amplifier coupled to said first and second terminals of 
said MR sensor and having an output thereof; 

an A/D converter coupled to said output of said amplifier 
for producing a control signal; 

a SET/RESET pulse generator coupled to said SET/ 
RESET field generating elements; 

an OFFSET generator coupled to said OFFSET field 
generating elements; and 

a control block receiving said control signal from said 
A/D converter and providing control output signals to 
said SET/RESET pulse generator and said OFFSET 
generator, the control block further performing com 
passing processes based on output for the sensitive axis 
and output determined for the cross-axis. 

16. The circuit of claim 15, wherein the control block 
determines the cross-axis output by: 

sampling a number of SET gains of the MR sensor to 
produce a first Sum; 

sampling a number of RESET gains of the MR sensor to 
produce a second Sum; 

adding the first Sum to the second Sum to produce a first 
result: 

Subtracting the second Sum from the first Sum to produce 
a second result; and 

dividing the first result by the second result. 
17. The circuit of claim 15, wherein the control block 

normalizes the output of the sensitive axis, the normalizing 
comprising: 

sampling a number of SET outputs of said sensor to 
produce a first Sum; 

sampling a number of RESET outputs of said sensor to 
produce a second Sum; 

sampling a number of SET gains of said sensor to produce 
a third Sum; 

sampling a number of RESET gains of said sensor to 
produce a fourth Sum; 

Subtracting said second Sum from said first Sum to pro 
duce a first result: 

10 

15 

25 

30 

35 

40 

45 

28 
Subtracting said fourth Sum from said third Sum to pro 

duce a second result; and 
dividing said first result by said second result, 
wherein the normalizing further comprises dividing the 

magnetic field (H) by the quantity (2*dH). 
18. A one-chip compassing method, comprising: 
providing an MR sensor having SET/RESET field gen 

erating elements and a sensitive axis; 
collecting output of the MR sensor corresponding to the 

sensitive axis; 
normalizing the collected sensitive axis output to com 

pensate for temperature effects; 
calculating cross-axis output for the MR sensor; and 
performing compassing operations using the normalized 

sensitive axis output and the calculated cross-axis out 
put of the MR sensor as first and second axis inputs. 

19. The method of claim 18, wherein the calculating of the 
cross-axis output comprises: 

sampling a number of SET gains of the sensor to produce 
a first Sum; 

sampling a number of RESET gains of the sensor to 
produce a second Sum; 

adding the first Sum to the second Sum to produce a first 
result; 

Subtracting the second Sum from the first Sum to produce 
a second result; and 

dividing the first result by the second result. 
20. The method of claim 18, wherein the normalizing of 

the output of the sensitive axis, comprises: 
sampling a number of SET outputs of said sensor to 

produce a first Sum; 
sampling a number of RESET outputs of said sensor to 

produce a second Sum; 
sampling a number of SET gains of said sensor to produce 

a third Sum; 
sampling a number of RESET gains of said sensor to 

produce a fourth Sum; 
Subtracting said second Sum from said first Sum to pro 

duce a first result: 
Subtracting said fourth Sum from said third Sum to pro 

duce a second result; and 
dividing said first result by said second result, 
wherein the normalizing further comprises dividing the 

magnetic field (H) by the quantity (2*dH). 

k k k k k 



UNITED STATES PATENT AND TRADEMARK OFFICE 

CERTIFICATE OF CORRECTION 

PATENT NO. : 7,112,793 B2 Page 1 of 1 
APPLICATIONNO. : 11/025740 
DATED : September 26, 2006 
INVENTOR(S) : Layne L. Wright 

It is certified that error appears in the above-identified patent and that said Letters Patent is 
hereby corrected as shown below: 

On the title page, item (54), 

“ONE-CHIP COMPASSIMPLEMENTED USING MAGNETORESISTIVE 

(MR) SENSORTEMPERATURE COMPENSATION AND MAGNETIC CROSS 
TERM REDUCTION TECHNIQUES 

Should be --ONE-CHIP COMPASSIMPLEMENTED USING 

MAGNETORESISTIVE (MR) SENSORTEMPERATURE COMPENSATION AND 
MAGNETIC CROSS-TERM REDUCTION TECHNIQUE-- 

Column 26, line 31, “OFFSET-field should be --OFFSET field 

Signed and Sealed this 

Second Day of January, 2007 

WDJ 
JON. W. DUDAS 

Director of the United States Patent and Trademark Office 


